Abstract. We analyze in detail the February 2004 GOMOS NO 2 observations in the northern polar latitudes during the spring time descent of NO x from the mesosphere into the stratosphere. We combine GOMOS observations with SABER-observed NO 5.3 μm radiated power, and an AARDDVARK derived radio wave index (RWI) to describe the impact of the 11 February geomagnetic storm. Energetic electron precipitation generated some additional NO x , supplementing the original amounts that were already descending. At altitudes 50-70 km GOMOS observations of NO 2 showed a delayed response to the geomagnetic storm, with NO 2 being generated three days after the start of the storm. The delayed response and duration of NO 2 production was found to be consistent with the increase in the flux of relativistic electrons measured by GOES at geostationary orbit, and by POES through relativistic electron contamination of the >16 MeV proton channel. Using the SIC model we found that a good fit to the observed NO 2 mixing ratios at the peak of the geomagnetic storm effect was produced by a mono-energetic 1.25 MeV electron beam with a flux of ~0.3×10 6 el.cm -2 sr -1 s -1 keV -1 or with a 'hard' electron spectra taken from Gaines et al. [1995] but with fluxes enhanced by a factor of 15, i.e., 8 x 10 4 el.cm -2 sr -1 s -1 for 2-6 MeV. Prior to the storm the descending NO 2 had average mixing ratio values of ~150 ppbv. The geomagnetic storm-induced REP event doubled the amount of NO x descending into the stratosphere to ~300 ppbv after the storm.
Introduction
During the Arctic winter 2003-2004 several satellite and ground-based experiments observed enhanced concentrations of NO x descending from mesospheric altitudes. As a consequence of the enhanced levels of NO x reaching the stratosphere there was a related decrease in the levels of spring-time ozone at 40 km altitudes [Randall et al., 2005] . Winter-time polar odd nitrogen, NO x (NO + NO 2 ), can be produced in the thermosphere and the mesosphere by energetic particle precipitation [Brasseur and Solomon, 2005] . During periods of efficient vertical transport the NO x can descend to the stratosphere [Siskind, 2000] . In the upper mesosphere the NO x is mainly in the form of NO. As the NO descends below 70 km it is converted to NO 2 [Solomon et al., 1982; Brasseur and Solomon, 2005] . The particular descent of interest here began in January 2004 [Clilverd et al., 2006] , and was still observable in May 2004. Randall et al. [2005] analyzed NO 2 concentration data from three longrunning solar occultation experiments, SAGE II, POAM III, and HALOE during this period. They reported unprecedented levels of spring-time stratospheric NO x (~45 km) as a result of the descent. Rinsland et al. [2005] . In this work we aim to identify additional contributions to the stratospheric NO x produced by a geomagnetic storm in February 2004. Clilverd et al. [2006 Clilverd et al. [ , 2007 used radio wave data that was sensitive to the ionization of NO x at 70-90 km altitudes to show that the initial source for the NO x observed in January 2004 was likely to be in the auroral zones in the thermosphere, and not a result of in situ production in the mesosphere. The data showed that the descent of the NO x began on 11/12 January 2004, a few days after the end of the stratospheric warming event at the end of December 2003. Seppälä et al. [2007a] used GOMOS NO 2 observations during the polar night to investigate the cause of the descending NO x observed throughout the winter, -March 2004 They concluded that the Halloween solar proton events that occurred in late-October 2003 produced significant levels of NO 2 during November and December 2003, but that a source at thermospheric altitudes was the most likely cause of the NO 2 observed decending in January 2004. However, Seppälä et al. [2007a] also suggested that a further enhancement of NO x occurred in mid-February 2004 adding to the NO x that was already descending. In this paper we analyse in detail the period in midFebruary 2004 with a view to determining the contribution to the NO x that was produced by processes driven by the 11 February geomagnetic storm, in addition to that already descending from higher altitudes.
Using the Sodankylä Ion and Neutral Chemistry model (SIC) Turunen et al. [2008] generated NO 2 concentration profiles from four separate particle precipitation mechanisms: solar proton events, auroral electron precipitation, long-lasting relativistic electron precipitation (REP), and REP microbursts. In comparing the SIC results with GOMOS observations from the northern hemisphere polar winter 2003 Turunen et al. [2008 concluded that the mid-February enhancement of NO 2 had the altitude profile characteristics of REP-generation possibly involving an energy spectrum that contained >1 MeV electron fluxes. However, Turunen et al. In this study we analyze the February 2004 period in detail, concentrating on the GOMOS NO 2 observations in the northern polar latitudes. We combine additional datasets to further describe the impact of the mid-February geomagnetic activity, including the SABER-observed NO 5.3 μm radiated power, and the AARDDVARKderived radio wave index. We determine the characteristics of the geomagnetic activity that lead to the generation of enhanced NO 2 in the altitude range 40-70 km, and use the SIC model to approximately determine the energy spectrum and flux required to generate the enhanced NO 2 observed. Finally, we determine the relative impact of the geomagnetic storm-induced REP on NO 2 concentration levels in comparison with the descending NO 2 that was first observed on 11/12 January 2004.
Event conditions
This study concentrates on the atmospheric effects of energetic particle precipitation during a geomagnetic storm. The event conditions are shown in Figure   1 , which shows solar wind conditions, and geomagnetic activity during February 2004. The solar wind shows a sharp increase in density (>20 protons cm -3 ) on 11 Figure 1 indicate the beginning and recovery phase of the storm. These dates are also indicated on further figures in this paper for easy comparison.
Prior to the storm there was a period of relatively low solar wind speed lasting >1 day, which is consistent with a pre-storm 'calm' [Clilverd et al., 1993; Borovsky and Steinberg, 2006] and thus suggests that this event may be driven by a coronal interaction region (CIR) rather than an incident coronal mass ejection (ICME).
Additional evidence for a CIR-driven event come from the observation that February 2004 is during the declining phase of the 11-year solar cycle, and the event has a 27-day repeating occurrence pattern. Further, in geomagnetic terms the storm that occurred on 11-15 February produced only moderate Kp levels (Kp~4-6), while D st achieved <-100 nT only for a short period, and no increase in proton fluxes occurred during the geomagnetic storm (not shown). All of these phenomena are suggestive of a CIR-driven event rather than CME [Tsurutani et al., 2006; Borovsky and Denton, 2006] . However, we note here that the atmospheric affects observed by GOMOS as a result of this CIR-driven event should be considered as an extreme event as no similar NO 2 enhancements have been found in the GOMOS 2002-2007 summary data, other than from solar proton events [Seppälä et al., 2007b ].
Experimental setup
In this paper we use NO 2 measurements from the GOMOS stellar occultation instrument [Bertaux et al., 2000; Bertaux et al., 2004; Kyrolä et al., 2004] is very low [Brasseur and Solomon, 2005] . The GOMOS data used in this study were averaged over geographic latitudes 59-80°N. We use this latitude range in order to take advantage of the same GOMOS high temperature stars throughout as much of the February 2004 period as possible. This provides data from the polar region which contains the polar vortex (>60°N for a well developed vortex), and which also correspond to a geomagnetic latitude range from L>2.8, i.e., the outer radiation belt.
In some cases we restrict the latitude band to 65-75°N, with a median latitude of 70-71°N, in order to compare the GOMOS results with ion and neutral chemistry model runs at 70°N, and to maintain a consistent number of stars in the analysis throughout the study period. These geographic latitudes correspond to an L-shell range of L>3.8.
To investigate the variation of high altitude NO during February we use data from the SABER instrument. SABER is a 10 channel limb-scanning radiometer flying on the NASA TIMED satellite, described by Russell et al. [1999] . Mlynczak et al., 2005] . Of particular interest for this study is the nighttime auroral 5.3 μm limb emission, and it changes promptly due to increases in NO, temperature, and also atomic oxygen. The data shown in this study is an average of the power radiated by NO in the latitude band 52-90°N -which is the SABER 'high latitude' data product of interest to us here. This geographic latitude range covers the geomagnetic L-shell range from L>2.1.
One of the few experimental techniques which can probe the ionization at altitudes between the GOMOS and SABER observations uses very low-frequency (VLF) electromagnetic radiation, trapped between the lower ionosphere and the Earth [Barr et al., 2000] . The nature of the received radio waves is largely determined by propagation between these boundaries [e.g., Cummer, 2000] , termed "subionospheric propagation". Here we use the AARDDVARK-derived radio wave index (RWI) which describes the variation in propagation conditions for a narrow band subionospheric transmitter (call sign NRK, 64ºN, 22ºW, L=5.6, 37.5 kHz) located in
Iceland and received at a receiver located at Ny Ålesund, Svalbard (79ºN, 11ºE,
L=18.3).
Because of the geographic latitude and geomagnetic latitude of this path the propagation conditions are influenced by both the polar vortex and the outer radiation belt, and the path passes through the footprints of geostationary orbits as discussed later in section 4. Any change in the levels of either NO concentration, or ionization rates due to particle precipitation, in the 70-90 km altitude range can be identified in the RWI . The Ny Ålesund site is part of the Antarctic-Arctic Radiation-belt Dynamic Deposition VLF Atmospheric Research Konsortia (AARDDVARK) -see Clilverd et al. [2008] for more details.
Radiation belt particle data is provided by instruments onboard the Geostationary
Operational Environmental Satellite (GOES) and Polar Operational Environmental
Satellite ( is not at a constant L, and so we use to daily average to compensate for the factor of ~5 variation during a normal "quiet-time" orbit. The Polar Orbiting Environmental
Satellites (POES) (formerly known as TIROS for Television and InfraRed
Observation Satellite) carry the Space Environment Monitor-2 instrument, which observes trapped and precipitating (loss-cone) electrons and protons. In this study we make use of measurements from the POES spacecraft NOAA-15, 16 and 17. As POES are located in polar orbits, they sweep through a range of L-shells, sampling both the inner and outer radiation belts. POES instruments measure trapped and loss cone electron integral fluxes for energy thresholds of >30-, >100-and >300-keV.
Here we make use of two POES data products, the POES radiation belt indices (available from http://www.swpc.noaa.gov/ftpdir/lists/bi/old_bi/) and the POES Space Environment Monitor-2 16-second average measurements (available from http://poes.ngdc.noaa.gov/data/avg/). The radiation belt indices are a daily value indicating the ratio of the daily trapped particle counts to their corresponding oneyear summed average for each energy channel. The indices are subdivided by L to provide inner (L < 2.0), slot (2.0 ≤ L < 2.5), and outer (L ≥ 2.5) radiation belt indices.
The POES Space Environment Monitor-2 suite includes a >300 keV loss-cone telescope and an omnidirectional proton integral energy channel with energy threshold >16 MeV which responds to trapped >0.8 MeV electrons as a "contaminant" in the absence of any significant proton fluxes [Sandanger et al., 2007] . We use the 16-second average measurements from the proton integral energy channel to detect trapped relativistic electrons, as there was no solar proton event in this period. The relative detection efficiency of the POES >16 MeV proton channel is 50% for 1.5 MeV electrons and climbs to 100% for 2 MeV electrons [Sandanger et al., 2007] , and as such this data is a very useful representation of trapped relativistic electron populations (outside of solar proton events). As the fluxes are being measured at low altitudes they represent a measurement of particles closer to the loss-cone (smaller pitch angles) than the fluxes measured by GOES. So, an increase in the POES omnidirectional detector does indicate when particles have been scattered from near-equatorial pitch angles to closer to the loss-cone, which is consistent with the hypothesis that precipitation is likely to be occurring.
Results
In Figure The values obtained during January and February varied from 1-7.6 ×10 10 W with high levels observed over 16-27 January, and 11-16 February. The start of the first period of enhanced NO radiated power was not captured in the SABER observations.
However, the second period is clearly associated with the geomagnetic storm that began on 11 February, and lasted as long as the period of high solar wind speeds, finishing on 15 February. As this change is in step with the 15 μm power for SABER CO 2 data (not shown) we conclude that the NO radiated power increase is likely to be due to storm-induced changes in temperature, rather than an increase in NO due to ionization from low-energy electron precipitation. The middle panel shows the daily AARDDVARK RWI, values varied from -15 to 5 dB during January and February, with an extended period of high levels (denoting enhanced ionospheric ionization levels in the altitude range 70-90 km) from 11 January -5 February, and then a second period from 11-19 February. The first period of enhanced RWI has been associated with the ionization of descending NO x by Lyman-α as a result of strong vertical descent associated with a strengthening of the underlying polar vortex [Clilverd et al., 2006 . The second period of enhanced RWI is co-incident with the 11-16 February geomagnetic storm, although lasting longer than the period of high solar wind speed, and peaking in magnitude at the time that the SABER event finishes.
The bottom panel of Figure 2 shows the daily averaged GOMOS nighttime NO 2 mixing ratios from 30-70 km and 59-80°N. The average mixing ratios range from 0 to 600 ppbv during January and February 2004, with a gradually descending enhancement of NO x starting at around 70 km on 11 January reaching ~45 km by the end of February. The origin of this descending feature has been ascribed to auroralaltitude (>90 km) NO x descending because of strong vertical transport of subsiding polar air [Randall et al., 2005] . The enhancement of NO 2 weakens after 5 February, but is strongly enhanced over a large range of altitudes from 14-19 February coincident with, and following, the geomagnetic storm shown in Figure 1 . Seppälä et al. [2007a] and Turunen et al. [2008] identified this increase in NO 2 in the GOMOS data as being due to in-situ generation of NO x by energetic electron precipitation, suggesting relativistic electron precipitation as the most likely source because of the altitude at which the NO 2 was generated. In this paper we study this period in detail and attempt to quantify the contribution of the energetic electron precipitation to the NO x levels that were eventually observed at 40 km by Randall et al. [2005] and Rinsland et al. [2005] .
One interesting difference in the geomagnetic storm as seen in the SABER NO radiated power, the AARDDVARK RWI, and the GOMOS NO 2 data is in the timing of the event at the different altitudes that the datasets represent. At altitudes >100 km the storm effect is observed by SABER from 11-16 February. However, at 50-70 km the storm effect is seen by GOMOS from 14-19 February. Starting later and finishing later than the SABER event. The 70-90 km RWI also confirms the later finish date at altitudes <100 km. Of particular interest to this paper is why the NO 2 generated at 50-70 km altitudes is so delayed with respect to the storm start. Figure 3 gives an insight into why the two altitudes respond at such different times.
The upper panel of the figure shows the variation of the POES outer radiation belt (L>2.5) daily index for >30 keV electrons, and a daily average of the GOES >2 MeV trapped electron fluxes (L=6.6). Precipitating 30 keV electrons produce ionization at >90 km altitudes [Rees, 1989; Turunen et al., 2008] , while precipitating 2 MeV electrons produce ionization at >50-km. Thus the POES >30 keV electron index is more useful for comparison with SABER data, while the GOES >2 MeV electron fluxes are more useful for comparison with the GOMOS data. The lower panel of Figure 3 shows the variation of the POES count rates in February 2004 for the ~1.5
MeV onmidirectional detector and the >300 keV loss-cone detector, measured at L=4.5, i.e., in the heart of the outer radiation belt. In both the upper and lower panels we can see that the POES outer radiation belt index and the > 300 keV loss cone counts respond at the beginning of the storm period (11 February), while the GOES >2 MeV trapped fluxes and the POES ~1.5 MeV omnidirectional detector respond later, and peak after, the POES outer radiation belt index and the > 300 keV loss cone counts. We note here that the increase in GOES fluxes indicates an increase in trapped fluxes which may lead to higher precipitating fluxes. The low-atitude POES omnidirectional detector measurements, which also show an increase, are consistent with this hypothesis.
In Figure 4 we show POES data plotted as a function of L-shell versus date in 
Modeling the REP-generated NO x
The detailed impact of the geomagnetic storm of 11-16 February 2004 on the NO 2 altitude profiles in the latitude range 65°-75°N, which is where the maximum NO 2 enhancement was observed, is shown in Figure 5 . The upper panel identifies three critical periods: before, during, and after the storm. Before the storm, from 1-5
February, the average NO 2 profile is represented by a maximum in mixing ratio at ~55 km, with values of ~150 ppbv. There is little NO 2 below 50 km or above 60 km.
During the latter part of the storm, from 15-20 February, the average NO 2 profile is represented by a maximum in mixing ratio between 52 and 56 km, with values of >500 ppbv. There is some NO 2 as low as ~47 km, but significant amounts occur over a larger altitude range than before the storm, up to 65 km in altitude. After the storm, from 25-29 February, the NO 2 profile is represented by a maximum in mixing ratio at ~52 km, with values of ~300 ppbv, but the altitude range over which significant NO 2 occurs has again reduced to ~10 km.
The lower panel shows 2-day averages of the NO 2 mixing ratio (circles) measured at the peak of the descending feature, where the altitude of the measurement is shown by the squares in the same panel. Following a period at the beginning of January, where the mixing ratio values are steadily increasing because of conversion from NO to NO 2 with decreasing altitude [Brasseur and Solomon, 2005] , the mixing ratios then remain at a quasi-constant value of ~150 ppbv until 7 February. Between 8 and After 20 February the NO 2 mixing ratios remain at an elevated and quasi-constant level of ~300 ppbv. From these measurements we conclude that in overall terms the geomagnetic storm doubled the amount of NO x that was descending towards the stratosphere. The low altitude, high latitude, and winter time conditions for this event mean that any loss of NO x by photolysis is minimal, and the NO x should be able to survive long enough to descend to low altitudes with the post-storm mixing ratios, which is consistent with the observations of Randall et al. [2005] Verronen et al. [2002] . In the SIC model several hundred reactions are implemented, plus additional external forcing due to solar radiation (1-422.5 nm), electron and proton precipitation, and galactic cosmic radiation. Initial descriptions of the model are provided by Turunen et al. [1996] , with neutral species modifications described
by Verronen et al. [2002] . Solar flux is calculated with the SOLAR2000 model (version 2.27) [Tobiska et al., 2000] . The scattered component of solar Lyman-α flux is included using the empirical approximation given by Thomas and Bowman [1986] . The SIC code includes vertical transport [Chabrillat et al., 2002] which takes into account molecular [Banks and Kockarts, 1973] and eddy diffusion with a fixed eddy diffusion coefficient profile. The background neutral atmosphere is calculated using the MSISE-90 model [Hedin, 1991] and tables given by Shimazaki In reality the method used here was one of iteration, with a general target of keeping assumptions to a minimum. Initially a simple energy spectrum for the electron precipitation is assumed, along with a precipitation flux. Then the altitudedependent ionization rate is calculated making use of the expressions given by Rees [1989, chapter 3] , with effective electron ranges taken from Goldberg and Jackman [1984] . Finally we ran the SIC model with the ionization rates imposed to determine the amount of NO x that would be generated by that amount of ionization. As a result of this iterative process, we identified that the ionization rate profile from a monoenergetic beam of 1.25 MeV electrons with a flux of 0.3×10 6 el.cm -2 sr -1 s -1 keV -1 was able to reproduce the GOMOS observations. Figure 6 shows the ionization rate profile from the final electron beam parameters. The energy of the electrons strongly defines the altitude of the peak ionization rate, although it should be noted that substantial ionization occurs at altitudes above the peak even with a mono-energetic beam, due to scattering on the way through the atmosphere. For comparison we also show the ionization rate profile generated by the spectrum shown in Figure 3 (May 18, 1992, 2247 UT) in Gaines et al. [1995] and discussed in Turunen et al. [2008] , but with the fluxes multiplied by a factor of 15. The resultant ionization rate profile is very similar to the mono-energetic beam apart from an increased contribution at ~15 km due to the ~5 MeV electrons in the Gaines et al. spectra.
The concentration of NO 2 in the altitude range 40-70 km is shown in Figure 7 . The Gaines x 15 BLC spectra from a flux enhancement event (used in this modeling study)
represents ~80% of the DLC flux (>2 MeV) seen by SAMPEX during the storm period studied here [Baker et al., 2004] .
Summary
During the much discussed descent of polar NO x in the northern hemisphere spring 2004 [Randall et al., 2005; Rinsland et al., 2005; Clilverd et al., 2006] At altitudes 50-70 km GOMOS observations of NO 2 showed a delayed response to the geomagnetic storm with NO 2 being generated from 14-19 February. The delayed response and duration of NO 2 production was found to be consistent with the increase in the flux of trapped relativistic electrons measured by GOES at geostationary orbit and by POES through relativistic electron contamination of the >16 MeV proton channel. The delayed enhancement of radiation belt relativistic electron fluxes is consistent with the acceleration of seed populations of low energy electrons after the onset of the storm, reaching relativistic energies after several days [Horne, 2002; Horne et al., 2005 ]. The accelerated electrons are then presumably lost to the atmosphere by particle precipitation mechanisms also driven by the geomagnetic storm [e.g., Rodger et al., 2007] . Using the SIC model we found that a good fit to the observed NO 2 mixing rations at the peak of the geomagnetic storm effect was produced by either a mono-energetic 1. Prior to the storm the descending NO 2 had mixing ratio values of ~150 ppbv. After the storm the descending NO 2 had mixing ratios of ~300 ppbv, which leads us to conclude that the geomagnetic storm-induced REP event doubled the amount of NO x descending into the stratosphere, in comparison with the original event that started in January 2004. However, during the peak of the relativistic electron precipitation effect the maximum mixing ratios observed were ~500 ppbv. We speculate that part of the observed ~200 ppbv loss of NO 2 at the end of the geomagnetic storm could be caused by the removal of NO 2 into reservoir species such as ClONO 2 . The blue line represents observations made before the onset of the geomagnetic storm period, the green line is during the geomagnetic storm, and the red line is after the end of the storm. Lower panel: The 2-day average mixing ratio (circles) at the peak of the descending NO x feature (squares represent the altitude of the peak), measured during January and February. There was a gradual increase in mixing ratio from low levels at the start of January, leveling off at ~150 ppbv between 22 January -05 February, then increasing from 14 February, leveling off again at ~300 ppbv by the end of the month, consistent with the upper panel. (black line), and the enhanced Gaines et al. [1995] spectra (dot-dashed line). Good agreement is obtained between the GOMOS data and the SIC results using these levels of REP..
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